Background: High-risk neuroblastoma with N-Myc amplification remains a therapeutic challenge in paediatric oncology. Antagonism of pro-death Bcl-2 homology (BH) proteins to pro-survival BH members such as Mcl-1 and Bcl-2 has become a treatment approach, but previous studies suggest that a combined inhibition of Bcl-2 and Mcl-1 is necessary. TW-37 inhibits Mcl-1 and Bcl-2 with almost the same affinity. However, single-agent cytotoxicity of TW-37 in neuroblastoma cell lines has not been investigated. Methods: Cell viability, apoptosis, proliferation and changes in growth properties were determined in SKNAS, IMR-5, SY5Y and Kelly cells after treatment with TW-37. After transfection with Mcl-1 or Bcl-2 siRNA, apoptosis and proliferation were investigated in Kelly cells. Mice with Kelly cell line xenografts were treated with TW-37 and tumor growth, survival and apoptosis were determined.
Background
Neuroblastoma is the third most common tumor entity in childhood and is responsible for 15% of cancer deaths in children [1] . Despite development and testing of multiple therapy strategies such as chemotherapy and surgery, high-risk neuroblastoma remains a tumor with a poor prognosis [2] . Risk stratification of neuroblastoma patients is based on diverse prognostic factors, grade of tumor differentiation, N-Myc oncogene amplification, 11q deletion and DNA ploidy. Nowadays, about half of all diagnosed cases are classified as high-risk for disease relapse, while overall survival rates still show only modest improvement, less than 40% at 5 years [3] . Therefore, the future challenge is to develop risk-based therapies to improve outcome [4] . But augmenting treatment efficacy for the high-risk group will likely require the development of additional therapies based on targetable pathways specifically activated in neuroblastomas with N-Myc amplification. One important therapeutic issue is restoring drug sensitivity, because neuroblastoma-derived cells maintain competent mitochondrial apoptotic signalling [5] and are dependent on these pathways for response to various cellular stressors such as N-Myc overexpression or cytotoxic agents [6, 7] . Entry into the common pathway of mitochondrial apoptosis is governed by competitive binding of pro-death Bcl-2 homology (BH) proteins to pro-survival BH members such as Mcl-1 and Bcl-2, which neutralize activation of pro-death Bak and/or Bax. Chemoresistance may derive from the activation of pro-survival BH proteins, which tip the cellular balance away from apoptosis [8, 9] .
The expression of Mcl-1 and Bcl-2 correlated to clinical prognostic factors and survival in neuroblastoma patients [10] . Therefore, BH antagonism has become a treatment approach in neuroblastoma, and several agents have been developed with different selectivity to inhibit Bcl-2 and Mcl-1. ABT-737, that binds with subnanomolar affinity to Bcl-2, Bcl-W and Bcl-xL, but has no appreciable affinity for Mcl-1, has shown to induce cell death in neuroblastomas [10, 11] . However, resistance to ABT-737 has been reported due to constitutive upregulation of Mcl-1, and drug activity was restored if Mcl-1 was simultaneously antagonized [10] . AT-101, which also neutralizes Mcl-1, was more active against neuroblastoma cells, but concomitant Mcl-1 knockdown further increased potency, suggesting that Mcl-1 antagonism was incomplete [10] . These results lead to the conclusion, that the combined inhibition of Bcl-2 and Mcl-1 may be a useful therapeutic strategy in the treatment of neuroblastoma. This assumption is confirmed by a recent study, which demonstrated that neuroblastoma cells might survive ABT-199 treatment, a specific Bcl-2 inhibitor, due to acute upregulation of Mcl-1. In-vitro inhibition of Mcl-1 sensitized neuroblastoma cell lines to ABT-199 [12] . Another study demonstrated that N-Myc amplified neuroblastomas were sensitive to ABT-199 [13] . Sensitivity occurred in part through low anti-apoptotic Bcl-xL expression, and upregulation of the Mcl-1 inhibitor NOXA. However, N-Myc amplified neuroblastomas could be further sensitized to ABT-199 with the Aurora Kinase A inhibitor MLN8237, which results in a downregulation of Mcl-1 [13] .
Therefore, there is ongoing research to identify an inhibitor of Bcl-2 and Mcl-1 in N-Myc amplified neuroblastomas. An interesting lead candidate is TW-37, a second-generation benzenesulfonyl derivative of gossypol [14] , which inhibits Mcl-1 and Bcl-2 with almost the same affinity (Ki of 260 nmol/L and 290 nmol/L) and which has also low affinity to Bcl-xL [14, 15] . TW-37 binds to the BCL-2 homology domain 3 (BH3) groove of Bcl-2 preventing the heterodimerization of proapoptotic proteins with Bcl-2 and subsequently allowing them to induce apoptosis [15] . Recent studies indicate that TW-37 is able to inhibit the growth of a broad range of cancer cells, since it induces S-phase cell cycle arrest with regulation of several important cell cycle related genes, including p27, p57, E2F-1, cdc25A, CDK4, cyclin A, cyclin D1 and cyclin E [16, 17] . However, single-agent cytotoxicity of TW-37 in neuroblastoma cell lines has not been investigated. Therefore, we explored in this study the effects of TW-37 on apoptosis and proliferation rate in neuroblastoma cell lines and in an in vivo xenograft mouse model with special regard to N-Myc amplified neuroblastoma cell lines.
Methods

Cell lines and TW-37 stock solution
The human neuroblastoma cell lines, SKNAS, IMR-5, SY5Y and Kelly, were grown in RPMI 1640 (Fisher Scientific, Schwerte, Germany) supplemented with 10% standardized fetal bovine serum (Merck Millipore, Darmstadt, Germany) and 1% Penicillin/Streptomycin (GE Healthcare, Freiburg, Germany). All cell lines were obtained in 2013. SY5Y (CRL-2266) and SKNAS (CRL-2137) cell lines were obtained from the American Tissue Culture Collection (ATCC), Kelly (ACC355) were purchased from the DSMZ-German Collection of Microorganism and Cell Cultures (Germany) and the neuroblastoma cell line IMR-5, a subclone of IMR-32 (CCL-127), was kindly provided by Dr. Alexander Schramm (Department of Molecular Oncology, West German Cancer Centre, Essen, Germany). The identities of the four cell lines were verified by STR genotyping performed by Eurofins Medigenomix (Ebersberg, Germany). All cell lines were repeatedly tested in our laboratory for mycoplasma contamination, which could be excluded.
Amplification of N-Myc has been observed in IMR-5 and Kelly cells, while SY5Y and SKNAS are negative for amplification of N-Myc [18] . TW-37 (Selleck Chemicals, Munich, Germany) was dissolved in DMSO and stored as a 100 mM stock solution at − 20°C until use.
Protein extraction and Western blot analysis
To determine protein expression of Bcl-2 and Mcl-1, untreated cell lines were cultured for 72 h before whole cell lysates were extracted. In small interfering RNA (siRNA) knockdown experiments, cells were grown for 72 h after transfection before whole cell lysates were extracted. Cells were washed with PBS, suspended in ice cold RIPA buffer (Tris-HCL, 50 mM, pH 7.4; Np-40, 1%; Desoxycholic acid sodium salt, 0,25%; NaCl, 150 mM; EDTA, 1 mM, complete protease inhibitor (Roche, Mannheim, Germany)) and shaken for 15 min at 4°C. The lysate was centrifuged at 1300 rpm for 15 min at 4°C. The supernatant was harvested. Protein concentration was determined with Pierce™ BCA Protein Assay Kit (Fisher Scientific, Schwerte, Germany) following manufacturer's instructions. The protein lysates were snap-frozen in liquid nitrogen and stored at − 80°C until use. Before western blotting proteins were mixed with Laemmli buffer and were denatured 5 min at 95°C. After electrophoresis, the gels were transferred to polyvinylidene difluoride membranes. Transfer membranes were incubated at 4°C overnight using the following antibodies: Bcl-2 (sc-783, Santa Cruz Biotechnology, Heidelberg, Germany); Mcl-1 (sc-12,756, Santa Cruz Biotechnology, Heidelberg, Germany); ß-Actin (Merck Millipore, Darmstadt, Germany).
Cell proliferation, viability, and cell cycle analysis
Human neuroblastoma cell lines were seeded onto 96-well plates (2 × 10 4 cells per well). After 24 h of incubation, cells were treated with variable concentrations of TW-37, range: 0.01-10 μM. The cells were incubated for 48 h, the RPMI medium was replaced daily and TW-37 concentrations were kept constant during the experiment. Subsequently cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-Assay (Roche, Mannheim, Germany), following manufacturer's protocol. For cell cycle analysis, cell lines were treated with 1 μM TW-37. After 48 h of growth, cells were trypsinized, washed with PBS and incubated with propidium iodide for 15 min to stain DNA. The DNA content was analyzed by Cytomics FC500 flow cytometer (Beckmann Coulter). For measurement of apoptosis and proliferation enzyme-linked immunosorbent assay (ELISA) was performed following the manufacturer's instructions (Cell Death Detection ELISA, Roche, Mannheim, Germany and BrdU ELISA, Roche, Mannheim, Germany). Cell Death ELISA and BdrU ELISA as described above were also performed on Kelly cells treated with siRNA. Therefore, Kelly cells were plated onto a 12-well plate and transiently transfected (HiPerFect transfection reagent Qiagen, Hilden, Germany) with either siRNA directed against Bcl-2 (Qiagen, Hilden, Germany) or Mcl-1 (Qiagen, Hilden, Germany) following manufacturer's protocol. In addition, untreated cells and cells with mock transfection were cultured. After 72 h of transfection, apoptosis and proliferation was measured by ELISA as described above.
Kelly cell xenograft tumor in nude mice 8 week old female athymic NCR (nu/nu) mice were randomized into 2 groups. A TW-37 and a vehicle control group (n = 4 mice per group). In order to establish Kelly cell xenograft tumor, Kelly cells were allowed to grow up to a confluence of 80%. Then the cells were washed with PBS and suspended in 200 μl Matrigel (BD Bioscience, Heidelberg, Germany). After that 2 × 10 7 cells per mouse, n = 8 were injected s.c. in the flank. On days 5-7 and 12-14 mice were treated with either TW-37 or vehicle control. Thirty minutes before TW-37 treatment, the drug was dissolved in 18:1:1 v/v PBS/Tween 80/ethanol. Mice were treated by tail vein injection of 20 mg/kg body weight TW-37 in 300 μl 18:1:1 v/v PBS/Tween 80/ ethanol. The tumor volume was determined by digital calliper 3 times a week. Upon reaching a tumor volume of more than 1000 mm 3 mice were euthanized by cervical dislocation. The tumor was removed, formalin fixed and paraffin embedded. The animal experiments were performed in accordance with the Council of Europe guidelines for accommodation and care of laboratory animals and protocols were approved by the North Rhine-Westphalia State Agency for Nature, Environment and Consumer Protection.
Immunohistochemistry
Xenograft tumors of mice treated with either TW-37 or control were paraffin embedded. All tumors were clinically and pathologically identified as being the primary and only neoplastic lesion. Briefly, 3-μm-thick sections of formalin-fixed paraffin-embedded (FFPE) tumors were deparaffinized, and antigen retrieval was performed by boiling the section in citrate buffer at pH 6 or EDTA at pH 9 for 20 min. 
Results
TW-37 reduces viability of neuroblastoma cell lines, with strongest effect in cell lines with N-Myc amplification
In order to evaluate the effect of the small-molecular inhibitor TW-37, cell lines were treated with variable concentrations of TW-37 in vitro. In all cell lines, a significant decrease in cell viability was detected by MTT-assay. In SY5Y cells the IC50 value was achieved at 0.96 μM (Fig. 1a) in SKNAS cells at 0.83 μM (Fig. 1b) , in IMR-5 cells at 0.28 μM (Fig. 1c) and in Kelly cells at 0.22 μM (Fig. 1d) (Fig. 1e) .
When the cells were treated with 1 μM TW-37, in fluorescence-activated cell sorting (FACS) analysis the fraction of apoptotic cells, reported by the higher percentage of sub-G1 cells was increased in cells lines with N-Myc amplification. The strongest effect was observed in Kelly cells. In cells without N-Myc amplification, there was no clear difference in apoptosis between TW-37 treated and non-treated cells (Fig. 1f) . A cell death ELISA revealed a significantly higher fraction of apoptotic cells in IMR5 and Kelly cells and only a marginal effect in SY5Y and SKNAS cells after treatment with 1 μm TW-37 (Fig. 1g) , confirming results of FACS analysis. In a cell proliferation ELISA a clear inhibition of proliferation in SKNAS, IMR5 and Kelly cells after treatment of 1 μM TW-37 was observed, but no effect was seen in SY5Y cells (Fig. 1h) .
A selective knockdown with siRNA against Bcl-2 and Mcl-1 was performed in Kelly cells (Fig. 2a and d) , since and Kelly cells after treatment with 1 μM TW-37. The enrichment factor was used as a parameter of apoptosis. h Proliferation SKNAS, SY5Y, IMR5 and Kelly cells after treatment with 1 μM TW-37 was measured by ELISA. The proliferation rate is given as a percentage of control this cell line showed strongest effect on treatment with TW-37 in previous experiments. Indeed, the siRNA mediated knockdown of Bcl-2 as well as of Mcl-1 mimicked the effect of TW-37 treatment: an increase in apoptosis ( Fig. 2b and e) , and an inhibition of proliferation were observed ( Fig. 2c and f ) , whereas the mock transfection did not or only to a lesser extent affect proliferation and apoptosis. These in vitro results provide strong evidence for the impact of TW-37 on cell viability and proliferation in neuroblastoma cell lines.
In a xenograft model TW-37 revealed a significant antitumor effect
To evaluate the effects of TW-37 in vivo, mice with a neuroblastoma Kelly cell xenograft were treated with TW-37 by tail vein injection. The treatment was well tolerated and no serious side effects were observed. There was no reduction in tumor volume after initial treatment with TW-37 in nude mice with existing Kelly cell xenograft, but at 15 days (p = 0.0103) and 18 days (p = 0.0364, Fig. 3a) . Considering a primary end point of > 1000 mm 3 tumor volume, a significantly longer survival of TW-37 treated mice was observed in comparison to mice treated with placebo (Fig. 3b) . The evaluation of the xenograft tumor after TW-37 treatment revealed in an immunohistochemical analysis an increase in apoptotic cells, indicated by an increase in caspase 3 (Fig. 3c , high resolution Additional files 1, 2, 3, 4, 5, 6, 7 and 8).
Furthermore, a decrease in proliferation rate was observed indicated by a decrease in Ki-67 (Fig. 3c , high resolution Additional files 9, 10, 11 and 12). These findings are in line with our previous findings in in vitro experiments. Thus, the treatment with TW-37 in mice with Kelly-cell xenograft tumor revealed that TW-37 has also in vivo a clear effect on apoptosis leading to a delay in tumor growth.
Discussion
Despite development and testing of multiple therapy strategies such as chemotherapy and surgery, high-risk neuroblastoma remains a tumor with a poor prognosis [2] . To increase treatment efficacy in the high-risk group, inhibitors of Bcl-2 and Mcl-1 have been developed to restore drug sensitivity, however, previous studies lead to the conclusion that a combined inhibition of Bcl-2 and Mcl-1 may be necessary. Therefore, we evaluated the effect of TW-37, which inhibits Mcl-1 and Bcl-2 with almost the same affinity and which has also low affinity to Bcl-xL [14, 15] in neuroblastoma cell lines.
In this study, we can demonstrate that TW-37 has strong single-agent cytotoxicity in vitro and in vivo in N-Myc amplified neuroblastoma. Treatment with TW-37 results in reduced apoptosis, proliferation, and cell viability in the N-Myc amplified neuroblastoma cell lines (IMR-5 and Kelly cells) and in a decrease in tumor growth and a favorable survival accompanied with an N-Myc amplification in neuroblastoma is a poor prognostic factor [19] and in a recent study it could be demonstrated that only N-Myc amplified cell lines showed sensitivity to ABT-199, compared with N-Myc wildtype cell lines [13] . Further analysis demonstrated that the Mcl-1 inhibitor NOXA, encoded by PMAIP1, was significantly higher in N-Myc amplified neuroblastomas suggesting that increased NOXA expression was a contributing factor to ABT-199 sensitivity observed in N-Myc amplified neuroblastoma cells.
Therefore, a clear line must be drawn between N-Myc amplified neuroblastoma cell lines compared to N-Myc wild type neuroblastoma cell lines due to differential targetable pathways. This assumption is confirmed by our results that we observed a stronger effect in apoptosis, proliferation, and cell viability after treatment with TW-37 in the N-Myc amplified neuroblastoma cell lines (IMR-5 and Kelly cells) compared to N-Myc wild type neuroblastoma cell lines (SY5Y and SKNAS cells). Therefore, combined Bcl-2/Mcl-1 inhibition should be further elucidated as a treatment option in neuroblastoma with N-Myc amplification. Neuroblastoma with N-Myc amplification represent the high-risk group [19] and development of additional therapies is warranted due to poor prognosis.
TW-37 is a second-generation benzenesulfonyl derivative of gossypol [14] . Whereas gossypol primary inhibits only Bcl-2, the small-molecular inhibitor TW-37 inhibits Bcl-2 and Mcl-1 with almost the same affinity with Ki values of 0.29 μM, 0.26 μM. To this, TW-37 has also affinity and selectivity for Bcl-xL with Ki values of 1.11 μM [15] .
In experiments with siRNA, downregulation of Bcl-2 and Mcl-1 lead to apoptosis and reduced proliferation, as observed with TW-37 treatment, which emphasizes that effects are really a result of the abolished Bcl-2 and Mcl-1 function. However, Ham et al. demonstrated that N-Myc amplified neuroblastomas were sensitive to the Bcl-2 inhibitor ABT-199 and could be further sensitized to ABT-199 with the Aurora Kinase A inhibitor MLN8237, which results in a downregulation of Mcl-1 [13] . Interestingly, sensitivity occurred in part through low anti-apoptotic Bcl-xL expression [13] . Therefore, the fact that TW-37 has also affinity and selectivity to Bcl-xL, might contribute to the observed effect in apoptosis and proliferation after TW-37 treatment.
In the treatment of mice with Kelly cell xenograft with TW-37, a decrease in tumor growth and a favorable survival was observed. Immunohistochemistry of the xenograft tumor revealed that treatment with TW-37 leads to an increase in apoptotic cells and reduced proliferation, suggesting that TW-37 has also significant single-agent activity in vivo. However, there was no reduction in tumor volume after initial treatment with TW-37 in mice with existing Kelly cell xenograft.
There have been published only few studies, which investigated effects of TW-37 in vitro and in vivo. In various tumor cell models like, B-cell lymphoma [15] , head and neck tumor angiogenesis [17] , ovarian cancer [20] , and pancreatic cancer [16] treatment with TW-37 was effective alone and especially in combination with chemotherapy. In vivo, TW-37 inhibited tumor angiogenesis and induced tumor apoptosis without significant systemic toxicities. However, TW-37 was given for 10 consecutive days [17] . Combination of TW-37 and cisplatin enhanced the time to tumor as compared to either drug given separately [17] . In a study investigating the effect of TW-37 in combination with radiotherapy on tumor angiogenesis in vivo, TW-37 potentiates the anti-tumor effects of radiotherapy in xenograft of primary human dermal microvascular endothelial cells and human squamous cell carcinoma cells [21] . TW-37 was also applicated for 7-10 consecutive days [21] . From these points, lack of decrease in tumor volume after first TW-37 treatment does not attenuate the observed effect of TW-37. Rather the fact, that we demonstrated an increase in survival by TW-37 treatment even without combination of chemotherapy underlines the efficacy of TW-37. To this, we could demonstrate for the first time an effect of TW-37 in neuroblastoma cell lines. Therefore, in a next step, experiments should be done, for example with primary tumor cells of patients.
Furthermore, in future studies investigation of possible synergistic cytotoxic effect with other chemotherapeutic agents in N-Myc amplified neuroblastoma would be a really interesting, reasonable and promising approach. In a study investigating head and neck cancer, combination of TW-37 and cisplatin showed enhanced cytotoxic effects for endothelial cells and head and neck squamous cell carcinoma as compared with single drug treatment, while TW-37 was more cytotoxic on an equimolar basis than cisplatin [17] . Interestingly, a recent study in nasopharyngeal carcinoma demonstrated that TW-37 promotes apoptosis in nasopharyngeal carcinoma cells under chemotherapeutics treatments but not in nasopharyngeal epithelial cells [22] . Here, TW-37 increased chemosensitivity of nasopharyngeal carcinoma but had no marked influence on normal tissues in mice. Therefore, it would be interesting to investigate in future studies, whether these observations also apply to other cell lines and other tumor entities, such as neuroblastoma cell lines.
To this, in further studies the dosage which is clinically relevant but also well tolerated has to be evaluated. In our study, mice were treated by tail vein injection with 20 mg/kg on days 5-7 and 12-14 and tolerated this treatment well. In 2008, Al-Katib et al. explored the maximum tolerated dose of TW-37 in SCID mice. Animals given 120 mg/kg as intravenous injections (40 mg/ kg daily × 3 doses) experienced weight loss of < 5% and had scruffy fur, but showed full recovery 48-72 h after completion of treatment [23] . In a study about TW-37 and nasopharyngeal tumor, mice received 15 mg/kg daily by intraperitoneal injection for 10 days [22] . In this study, TW-37 had no influence on the weight of whole body and key organs, even in chemotherapeutics-treated mice [22] . A further study investigated effects of TW-37 in colorectal cancer [24] . Here, mice were treated via intravenous injection with 10 mg/kg body weight. TW-37 inhibits tumor growth and apparent toxicities among the tested animals were not detected [24] . Therefore, all studies published so far demonstrate that TW-37 is tolerable and effective in mice. However, optimal dosing depends also on the mode of application (intravenous vs. intraperitoneal) and the time and repetitions of injection. Therefore, further studies have to be performed to get reliable information about the concentration/dosage that is clinically relevant. In our model, a dosage of 20 mg/kg body weight TW-37 given intravenously on days 5-7 and 12-14 was well tolerated and led to a decrease in tumor growth and a favorable survival.
